Abstract. The specific surface area (SSA) of snow determines in part the albedo of snow surfaces and the capacity of the snow to adsorb chemical species and catalyze reactions. Despite these crucial roles, almost no value of snow SSA are available for the largest permanent snow expanse on Earth, the Antarctic. We report the first extensive study of vertical profiles of snow SSA near Dome C (DC: 75 • 06 S, 123 • 20 E, 3233 m a.s.l.) on the Antarctic plateau, and at seven sites during the logistical traverse between Dome C and the French coastal base Dumont D'Urville (DDU: 66 • 40 S, 140 • 01 E) during the Austral summer [2008][2009]. We used the DU-FISSS system, which measures the IR reflectance of snow at 1310 nm with an integrating sphere. At DC, the mean SSA of the snow in the top 1 cm is 38 m 2 kg −1 , decreasing monotonically to 14 m 2 kg −1 at a depth of 50 cm. Along the traverse, the snow SSA profile is similar to that at DC in the first 600 km from DC. Closer to DDU, the SSA of the top 5 cm is 23 m 2 kg −1 , decreasing to 19 m 2 kg −1 at 50 cm depth. This difference is attributed to wind, which causes a rapid decrease of surface snow SSA, but forms hard windpacks whose SSA decrease more slowly with time. Since light-absorbing impurities are not concentrated enough to affect albedo, the vertical profiles of SSA and density were used to calculate the spectral albedo of the snow for several realistic illumination conditions, using the DISORT radiative transfer model. A preliminary comparison with MODIS data is presented and our calculations and MODIS data show similar trends.
Introduction
High latitude regions play a crucial role in determining the climate of the Earth and its evolution (Goody, 1980; Warren, 1982; Hall, 2004; Lemke et al., 2007) , because these regions are snow-covered most of the time and snow is the Earth's surface type with the highest albedo.
Discussions about snow albedo can be more detailed if one considers the spectral albedo, i.e. the fraction of solar light that is reflected as a function of wavelength. Figure 1 shows typical examples of snow spectral albedo, the examples chosen being those of pure recent snow, aged pure snow, and recent snow contaminated with absorbing impurities such as soot (also called black carbon). Figure 1 illustrates that in the visible part of the solar spectrum, snow albedo is mostly determined by impurities while in the infra-red, grain size is the main factor affecting albedo Colbeck, 1982) . Determining the spectral albedo of snow therefore requires the knowledge of snow grain size and impurity content.
Snow is a porous medium made of air and ice. Its physical properties evolve over time through processes grouped under the term "snow metamorphism" (Colbeck, 1982) . Because ice has an elevated water vapor pressure (165 Pa at −15 • C and 610 Pa at 0 • C), and because the vertical temperature gradient almost always present in the snow generates sublimation-condensation cycles that modify the shapes and sizes of snow grains, the physical properties of snow change during metamorphism. These properties include density, thermal conductivity, permeability, but also albedo (Colbeck, 1982) . Since snow grain size almost always increases during metamorphism (Cabanes et al., 2003; Spectral albedo of fresh and aged pure snow and of fresh snow contaminated by soot. The plots were calculated using the DISORT radiative transfer code, which simulates snow grains as disconnected spheres of the radius indicated. al., 2004; Flanner and Zender, 2006; Taillandier et al., 2007) , snow albedo usually decreases during metamorphism. Understanding snow grain size and its variations is therefore crucial to predict snow albedo and to understand the energy balance of the Earth.
In many previous studies, snow grain size has been used as a key variable to describe interactions between snow and solar radiation (Warren, 1982; Alley, 1987; Grenfell et al., 1994) . However, the notion of "snow grain size" is not very well defined, and varies from one study to another (Aoki et al., 2000) . More recent studies have therefore used the surface/volume ratio of snow grains, i.e. the snow specific surface area (SSA), to calculate their optical properties. The SSA of snow is a measure of the area of the ice-air interface per unit mass .
with S the surface area of snow grains, M their mass, V their volume and ρ ice the density of ice (917 kg m −3 at 0 • C). If snow crsytals are assumed to be spheres, then the above equation related the sphere radius r eff to SSA. For nonspherical particles, Eq.
(1) defines their effective (or optical) radius from their SSA. SSA is often expressed in units of m 2 kg −1 and measured values are in the range 2 m 2 kg −1 for melt-freeze crusts to 156 m 2 kg −1 for fresh dendritic snow (Domine et al., 2007b) . Theoretical studies have shown that for a given SSA, snow reflectance and albedo depend on crystal shape (Grenfell and Warren, 1999; Grenfell et al., 2005; Neshyba et al., 2003; ). However, for natural snow, comparisons between SSA measured by CH 4 adsorption and reflectance at 1310 nm found no effect of grain shape on reflectance, for a given SSA (Gallet et al., 2009) . This is probably because snow grains are made up of a mixture of shapes, and the shape effects average out. Very recently, Arnaud et al. (2011) also used SSA values measured by CH 4 adsorption to model snow reflectance at 1310 nm, using the formalism of Kokhanovsky and Zege (2004) , which uses a shape-dependent coefficient, b, to calculate reflectance for a given SSA. They found that the best fit was obtained for a b value of 4.56, very close to and within experimental error of the b value recommended for disconnected spheres (b sphere = 4.53) by Kokhanovsky and Zege (2004) . Based on both these studies we conclude that the reflectance of natural snow, which again is made up of a mixture of shapes, can adequately be modeled by approximating snow with disconnected spheres having the same SSA as the snow. Snow SSA therefore appears to be a convenient variable to study snow optical properties.
In early snow studies, there was no simple and reliable method to measure snow SSA, which is why "grain size" was used. Systematic measurements of snow SSA during field campaigns started when the methane (CH 4 ) adsorption technique was developed Domine et al., 2007b) . However, that method is time-consuming and requires liquid nitrogen, a problem in many field studies, so that its use remained confidential. Other methods such as stereology and X-Ray tomography, as reviewed in Domine et al. (2008) , offer little advantage over CH 4 adsorption and present their own shortcomings. This probably explains why almost no data is available on the SSA of snow on polar ice caps. To help fill that data gap, optical methods to measure SSA have been recently developped (Gallet et al., 2009; Matzl and Schneebeli, 2006; Painter et al., 2007; Arnaud et al., 2011) to rapidly measure SSA in the field. These methods are based on the relationship between the IR reflectance of snow and its SSA . Here we will use the method of Gallet et al. (2009) . It operates at 1310 nm, while the photographic method of Matzl and Schneebeli (2006) works around 900 nm, and the spectroscopic method of Painter et al. (2007) is around 1030 nm. At those shorter wavelengths, the reflectance dependence on SSA is not as strong as at 1310 nm, so that a better accuracy is expected at 1310 nm (Gallet et al., 2009) . The availability of SSA data on large polar ice caps appears urgent because new remote sensing algorithms have been proposed to retrieve optical radius or SSA from Antarctica (Scambos et al., 2007; Jin et al., 2008) and Greenland (Kokhanovsky and Schreier, 2009; Lyapustin et al., 2009 ) and these methods need to be validated with field measurements. SSA measurements in Antarctica would be particularly useful because on the Antarctic plateau, absorbing impurities are negligible (Warren and Clarke, 1990) , so that snow albedo can be calculated from SSA and density, if a planar snow surface is assumed.
Snow SSA is also an important variable to understand snowpack chemical composition and photochemistry and its impact on the composition of the polar boundary layer Grannas et al., 2007) . Snow adsorbs many chemical species such as volatile and semi-volatile compounds, and also species with a high dipole moment such as acidic gases that can establish hydrogen bonds with ice surfaces. Numerous authors have suggested that snow SSA largely determines the partitioning of many species between the snow and the boundary layer (Houdier et al., 2002; Herbert et al., 2006; Domine et al., 2007a; Burniston et al., 2007; Taillandier et al., 2006; Domine et al., 1995) . The nitrate ion, possibly the main driver of snowpack photochemistry (Grannas et al., 2007) , is thought to come to a large extent from the adsorption of atmospheric nitric acid (Domine and Thibert, 1996; Cox et al., 2005) , and its concentration in snow would then be determined by snow SSA (Domine et al., 2008) .
This work presents the first extensive measurements of the SSA of surface and near-surface snow on the Antarctic plateau near the Concordia station at Dome C (DC: 75 • 06 S, 123 • 20 E, 3233 m a.s.l.) and on the logistics traverse route between DC and the Dumont D'Urville base (DDU: 66 • 40 S, 140 • 01 E, 10 m a.s.l.) during the Austral summer campaign in [2008] [2009] . Near the DC base, measurements were performed in pits at least 70 cm deep where SSA, density and the thickness of snow layers were measured in detail. During the traverse, the main objective was of logistical nature. Scientific objectives were not initially planned and were added at the last minute. Measurements are therefore fewer and limited to a depth of 50 cm. They are nevertheless presented because of their uniqueness.
The data presented here show the vertical profiles of SSA and allow applications to radiative transfer and atmospheric chemistry. We chose here to limit our discussion to radiative transfer and use the DISORT model (Stamnes et al., 1988) to calculate snow spectral albedo representative of the Antarctic plateau, in order to provide data that can in future be compared to satellite retrievals and used to test SSA or optical radius retrieval algorithms.
Methods and study site
For clarity, measurements at DC and during the traverse will be presented separately. Pits done at DC are named C1 to C13 and pits done during the traverse are named T1 to T8. For each pit, a flat area was chosen and a clean face was obtained with a saw and a brush to minimize disturbance to the stratigraphy and to remove loose particles. The stratigraphy was carefully observed and the SSA, density and thickness of all layers was measured.
Density was measured by weighing a snow core of known volume. For thick layers of low to moderate hardness, a 500 cm 3 plexiglas coring tube was used. For thin or hard layers, a 100 cm 3 stainless steel coring tube was used. Density was measured for each layer, with a vertical resolution of 10 cm or better, depending on the number of layers. The error on density measured with a coring tube is about 5 % (Conger and McClung, 2009 ).
The thickness of layers was measured with a ruler. The accuracy of a reading is 2 mm and is slightly observerdependent because the boundaries between layers were usually not sharp. Furthermore, the thickness of layers was horizontally variable, so that on average the thickness of a layer varied by 10 % over a width of 1 m.
SSA was measured using the DUFISSS (DUal Frequency Integrating Sphere for Snow SSA measurements) instrument described in Gallet et al. (2009) . Two aspects need to be briefly reminded here: the sampling protocol and the SSA measurement method. For sampling, a special coring tool was used to sample a cylindrical snow core 63 mm in diameter and 30 mm in height. The snow core was pushed gently with a piston into the cylindrical sample holder 63 mm in diameter and 25 mm deep, so that 5 mm of snow stick out of the sample holder. This extra snow is shaved off with a sharp spatula just before the measurement. This sampling procedure was designed to minimize the perturbation to the snow. For soft surface layers, the objective was whenever possible to measure SSA with a 1 cm resolution. In that case, the top 1 cm was sampled with a spatula and placed in the sample holder. Additional surface snow was placed in the sample holder until it was full. The soft snow was gently compacted to fill any voids and, if required, the surface was shaved clean as previously mentioned. Tests revealed that for soft snow such handling did not affect the IR reflectance. For hard windpacks, the small particles generated by shaving were gently brushed off. Of course, at Dome C and during the traverse, temperatures were such that no liquid water was ever present.
The sample was then illuminated with a 1310 nm laser diode and the reflected light was collected with an integrating sphere 15 cm in diameter. The signal was measured with an InGaAs photodiode. The signal was converted to reflectance using a set of six standards of reflectances between 4 and 99 %. The reflectance was converted to SSA using a calibration curve obtained with snow samples whose SSA was measured using CH 4 adsorption and reflectance measured with DUFISSS (Gallet et al., 2009) . The accuracy of these measurements is 10 %. The e-folding depth (hereafter penetration depth, PD) of the 1310 nm radiation in typical Antarctic snow is of the order of 1 cm. For example radiative transfer calculations using methods described in Sect. 4 show that for recent snow (density = 120 kg m −3 , SSA = 40 m 2 kg −1 ), PD = 8 mm, and for Antarctic depth hoar (density = 230 kg m −3 , SSA = 12 m 2 kg −1 ), PD = 9 mm. Our method therefore gives a weighted average of SSA over about a 1 cm depth. The accuracy of SSA measurements with DUFISSS is 10 %.
At Dome C, snow layers remain a long time near the surface after precipitation because of the very low accumulation rate: 26 mm water equivalent (Frezzotti et al., 2005) . Snow layers are frequently remobilized by wind, whose mean speed is 6 m s −1 , with maximum values of the order of 15 m s −1 (Frezzotti et al., 2005) .
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J.-C. Gallet et al.: Vertical profile of the specific surface area and density of the snow at Dome C Measurements at DC focused on surface snow layers, because their effect on albedo is greatest. SSA measurements were performed at depths of 1, 2, 5, 10 and 15 cm. Further down, each observed layer was measured once with a minimal resolution of 10 cm. During the traverse, less time was available for the measurements and only one measurement was performed in the top 5 cm.
Results

Dome C
At DC, thirteen pits C1 to C13, with depths between 70 and 100 cm, were studied. Figure 2 and Table 1 show the location and coordinates of these pits.
To facilitate the comparison between the pits, we present here the data on the top 70 cm of each pit. SSA, density and depth of each layer are detailed in Appendix Table A1 . The variability of the stratigraphy is adequately represented by the three stratigraphic profiles of pits C2, C3 and C7, shown in Fig. 3 .
The stratigraphy of pit C2 is as follows: the surface layer is comprised of small rounded grains recently deposited by the wind, overlying a 3 cm-thick hard windpack. Below that, we observed a layer of faceted crystals, and then a thick layer of depth hoar, briefly interrupted by a 3 cm-thick layer of mixed-form crystals between 34 and 37 cm below the surface. In pit C3, the surface layer is 2 cm thick and comprised of a mixtures of small rounded grains transported by the wind and surface hoar crystals. Below, windpacks and faceted crystals or mixed-form crystals alternate. Finally, the top 1-cm thick surface layer in pit C7 is a mixture of surface hoar, faceted crystals and small rounded grains. The rest of the pit is mostly comprised of mixed-form crystals, interrupted by a windpack between 25 and 46 cm. For all pits except C1 and C2, the SSA was measured for the top 1 cm, the second cm, then at 5, 10, 15 and 20 cm, and subsequently every 10 cm. For C1 and C2, the top 5 cm appeared homogeneous and only one measurement was performed on this top layer. For consistency, the SSA determined is attributed to the depths of 1, 2 and 5 cm. Figure 4 shows that in the top 15 cm of the snow, SSA values span a fairly wide range depending on the snow pit: 13 to 56 m 2 kg −1 . Below that, the range of SSA values narrows down, except for pits C12, C3 et C7 where values at 20 cm are respectively 24, 28 and 39 m 2 kg −1 while for the other ten pits the range is 13 to 21 m 2 kg −1 . For the three outlying pits, the layer at 20 cm is either a windpack or faceted crystals, but in all cases is very hard. Figure 4 also illustrates the mean SSA profile, showing that SSA values decrease monotonically in the first 70 cm. Because of the three outlying pits, the mean values between 15 and 40 cm are higher than the SSA of most pits. Figure 5 shows the density values for all C pits. There is a significant scatter, but the average profile shows a monotonic increase from the surface to 15 cm, followed by an essentially constant density near 350 kg m −3 . A thick very hard windpack explains the densities greater than 500 kg m −3 in pit C10.
In summary, in group C pits, density and SSA are highly variable in the top 15 cm. Below that, most values fall within a fairly narrow range, except when windpacks or other hard layers are present where higher densities and SSA values are observed.
Logistics traverse between Dome C and Dumont D'Urville
Group T pits were studied during the 8-day traverse (2 to 10 February 2009) and are named T1 to T8. Because of bad weather there is no pit T6. Figure 6 shows the traverse between DC and DDU and the location of the pits, as well as the automatic weather stations (AWS) D85, D47 and D10 used to interpret pit observations. T group pits are shallow (50 cm) because little time was available each evening for work. Moreover, the frequent strong winds had often produced very hard windpacks that slowed down the work and only one pit could be done each evening. Given the spatial variability of the snow observed at DC, the number of pits is insufficient for a good representativity. However, they are the only SSA data available for this region. The exact pit site was chosen somewhat arbitrarily. Basic safety considerations imposed that the pit be within 500 m of the convoy. Within this range, a planar and homogeneous area of at least 10 m 2 was chosen. As for the Dome C pits, we first present the stratigraphy of selected pits ( Fig. 7) , before presenting SSA and density data. Detailed data are reported in Appendix Table A2 .
At the top of pit T2, a 10 cm-thick windpack was observed. Below that was a 3 cm layer of mixed-form crystals, then a 1 cm windpack, and finally distinct layers of faceted crystals extending down to 70 cm. Pit T5 was comprised of windpacks, except between 7 and 11 cm, where a softer layer of small rounded grains was observed, and between 14 and 34 cm where a layer of mixed-form crystals was found. Overall, the snow stratigraphy along the traverse showed little variability and only five crystal types were observed.
SSA values are shown in Fig. 8 , as well as the average of the T pits. In all pits except T1 the top layer was hard and appeared homogeneous over at least the top 5 cm. It was not possible to sample separately the top 1st and 2nd cm and only one SSA measurement was made in the top 5 cm. However, for comparison with C pits, this one value is attributed to depths of 1, 2, and 5 cm in Fig. 8 . SSA values in the top 5 cm range from 20 m 2 kg −1 to 38 m 2 kg −1 . Below, in general the SSA is less homogeneous than at DC. Noteworthy observations include: (a) in pit T2, SSA varies by a factor of 1.8 between 40 and 50 cm even though a single layer was observed; (b) pits T4 and T5 show fairly constant SSA values around 23 m 2 kg −1 below 15 cm; (c) pits T1 to T4, closer to DC, have SSA values in the top 15 cm that are above the group average, while in pits T5 to T8, which are closer to DDU, top values are all below average, (d) the general trend is that SSA decreases with depth, especially in the top 20 cm.
Density values, reported in Fig. 9 , show a very high inter-pit variability. Near the surface, values range between 162 kg m −3 (T1) and 446 kg m −3 (T8), and the range is even larger at 10 cm (150 to 515 kg m −3 ) and remains high at 50 cm (272 to 478 kg m −3 ). The general trend is that density increases from DC to DDU. However, for a given pit, there is little density increase with depth, as further illustrated by the average trend also reported in Fig. 9 .
SSA and density profiles representative of Antarctic plateau snow
Figures 8 and 9 indicate that pits T1 to T4, closer to DC, show high SSAs and low densities near the surface, while pits T5 to T8 have low SSAs and high densities. At depths around 40 cm, higher SSAs and densities are observed in pits T5-T8. It therefore appears sensible to separate the traverse data into two classes: T1-T4 and T5-T8. Rather than consider mean values for the whole traverse, it makes more sense to look at averages for both these classes, as done in Figs. 10 and 11.
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J.-C. Gallet et al.: Vertical profile of the specific surface area and density of the snow at Dome C Figure 10 shows that SSA profiles of DC and T1-T4 are fairly similar. On the other hand, Fig. 11 shows that DC densities are greater than for T1-T4. The greater values of T1-T4 in the first 2 cm may simply be because for T pits, only one value was measured in the top 5 cm, and assigned to the three depths 1, 2 and 5 cm. Regarding the T5-T8 pits, Figs. 10 and 11 show that they have the highest densities at all depths, and that their SSAs are lower than elsewhere in the top 30 cm, and higher below that depth.
This brief description indicates that the mean snow physical properties investigated here show little variation around DC, up to a distance of about 600 km towards DDU (T1-T4). Beyond that (T5-T8), SSAs are lower near the surface, while densities are higher. This conclusion is somewhat weakened by the small number of T pits, but the difference between both T sub-groups appears significantly greater than the intra-group variability, so we believe that the difference between both sub-groups is real. We suspect this is caused by different meteorological conditions, which influence snow metamorphism and the type of snow crystals formed. AWS temperature and wind speed data with 10 min resolution (available at ftp://amrc.ssec.wisc.edu/pub/aws/) are shown in Figs. 12 and 13 and confirm this suggestion. Temperature rises by 20 to 35 • C between DC and AWS D10, located a few km from the coast. Wind speed also increases, and in particular the intensity of extreme events that favor the formation of hard windpacks increases considerably. During the period considered, the highest wind speed at DC was Do current data available on the rate of SSA decrease allow the understanding of the different behaviours shown in Figure 10 ? In general, snow SSA has been observed to decrease with time (Cabanes et al., 2003; Legagneux et al., 2004; Taillandier et al., 2007 ) although a few instances where SSA increases have been reported, and wind was often a factor in these increases ). Models (Legagneux and Domine, 2005; Flanner and Zender, 2006 ) also predict that SSA should decrease with time. Temperature, temperature gradient, the SSA value and density are the main factors that are currently thought to affect the rate of SSA decrease. SSA decreases faster at higher temperatures and under higher temperature gradients. The experimental work of Taillandier et al. (2007) indicates that there is a temperature gradient threshold around 15 K m −1 separating two regimes for the rate of SSA decrease, the rate of decrease being significantly higher at higher gradients. The rate of decrease is also faster for higher SSAs. The impact of density is not clear and no experimental work is available on its effect. The model of Legagneux and Domine (2005) indicates that under isothermal conditions, higher densities accelerate SSA decrease because sinks and sources of water vapor are nearer. On the other hand, the model of Flanner and Zender (2006) , which includes the effect of the temperature gradient, concludes that increasing density retards SSA decay, because water vapor migration in a more tortuous network is hindered. In any case, none of those studies treat many processes to which the snow was subjected to. These include the effects of wind and wind transport on SSA, and also the effect of diurnally alternating temperature gradients (Pinzer and Schneebeli, 2009 ). On the Antarctic plateau, the accumulation rate is so low that a given snow layer is exposed to wind action and alternating temperature gradients for a long time before it is finally sheltered from those effects. Fresh snow with high SSA can have its SSA drop dramatically faster because of wind . On the contrary, the remobilization of aged snow by wind can increase its SSA ). The effect of alternating temperature gradients on the rate of SSA change has been little documented. Besides unexpected grain shapes (Pinzer and Schneebeli, 2009 ), this could lead to sublimation of snow grains and to condensation of atmospheric water vapor onto them, with effects on SSA that are difficult to predict. Today there is therefore insufficient data to understand the effect of many processes prevalent in Antarctica on snow SSA. Furthermore, no experiments have been performed at the low temperatures of the Antarctic plateau, and where the empirical equations of Taillandier et al. (2007) may not apply.
It therefore appears difficult to reach a satisfactory explanation for the SSA trends observed in Fig. 10 . We must limit our conclusion to the following. Closer to the coast (T5 to T8), where winds are stronger, windpacks of high density form preferentially. These have a density around 430 kg m −3 . Using the density-SSA correlation of Domine et al. (2007b) for tundra windpacks, the snowpack type studied by Domine et al. (2007b) closest to that observed here, predicts a SSA around 20 m 2 kg −1 , as observed. Closer to DC (C group and T1 to T4 pits) there is a predominance of rounded grains near the surface, and the average density is about 280 kg m −3 . The correspondence to tundra snow, again probably the snow type studied closest to that observed (Domine et al., 2007b) , predicts a SSA of 28 m 2 kg −1 , lower than the surface values found here, in the range 30 to 38 m 2 kg −1 . We therefore conclude that in this type of snow, wind, although moderate, tends to increase snow SSA, presumably through transport, fragmentation and sublimation of grains, as described by Domine et al. (2009) . We note furthermore that layers of faceted crystals observed here were significantly harder than found in seasonal snowpacks, so that processes involved in their formation and evolution may be different. More work on the effects of wind and low temperatures on SSA is required before we can understand the evolution of the SSA of the Antarctic surface snows studied here.
Antarctic snowpack spectral albedo modeling with DISORT
The SSA and density data obtained here can be used to calculate the optical properties of Antarctic snow. Since snow on the Antarctic plateau is almost free of light-absorbing impurities (Grenfell et al., 1994; Warren et al., 2006) , its albedo over the solar spectrum is determined by its SSA and its density. Surface roughness can also have an important effect, but this manifests itself mostly in the calculation of directional reflectance (Leroux and Fily, 1998; Warren et al., 1998; Mondet and Fily, 1999) and much less in albedo calculations (Warren et al., 1998) . Intuitively, this can be understood by considering a fictitious rough surface that would be totally reflective, under directional illumination. When looking at reflection in the forward direction, shading due to surface roughness will decrease the directional reflectance. On the contrary, if the albedo is considered, then all the photons will be reflected, regardless of surface structure, and the albedo will be unity, whatever the surface roughness. Of course snow is not fully reflective, so snow albedo is affected by surface roughness. However, at present, we are generally not capable of quantifying this effect, so that for example elaborate algorithms that retrieve grain size from satellite data simply neglect surface roughness (Fily et al., 1997; Kokhanovsky and Schreier, 2009 ). Here, we also neglect it. On the Antarctic plateau, this is probably a valid approximation, as sastrugi (i.e. snow dunes caused by wind, mostly through erosion processes) are small, at the most 10 cm. On the traverse, as we neared the coast, their height increased and often reached 30 cm, sometimes more, so that their possible effect must be kept in mind when interpreting model results.
Here, we present calculations of the directional hemispherical reflectance of the snow studied (according to the definition of Schaepman-Strub et al., 2006) , and bi-hemispherical reflectance, referred to hereinafter as albedo for simplicity, with several incident radiations. One of the possible uses of these calculated albedos is the comparison to remote sensing data, in order to test inversion algorithms. We first detail how the DISORT code was used in our calculations.
The DISORT code
DISORT (Stamnes et al., 1988) treats snow as disconnected spheres and can model the reflectance of a succession of plane parallel snow layers under direct or diffuse illumination. Scattering and absorption efficiencies Q abs and Q scatt are calculated by the routine Mie0 (Wiscombe, 1980) . The extinction efficiency Q ext = Q abs + Q scatt is thus obtained and allows the calculation, for each snow layer, of the dimensionless variable called the optical depth τ :
where a i is the radius of the (spherical) snow particles of the ith snow layer, ρ i snow and h i are the density and thickness of the i-th snow layer, and ρ ice is the density of ice, 917 kg m −3 at 0 • C. Given that for spherical particles we have SSA i = 3/(ρ ice a i ), we obtain:
A medium is considered optically semi-infinite when increasing its geometrical thickness modifies its albedo by less that 1 % . From the optical depth τ , the single scattering albedo ω and the phase function P ( 1 2), DISORT calculates the albedo of the medium considered. Variations of these three variables depend only on wavelength and on grain size, i.e. SSA. Therefore, the evolution of the spectral albedo of semi-infinite snow formed of plane-parallel layers under given illumination conditions only depends on the SSA, density and thickness of each snow layer. Zhou et al. (2003) showed that calculations of albedo better reproduce field observations if a multilayer snowpack, with layers having different SSAs and densities, is used. In a similar approach, we here use our observed vertical variations of SSA and density to calculate using DISORT the albedo of snow on the Antarctic plateau. We use the top 70 cm for snow at Dome C and the top 50 cm for snow of the traverse. With these depths and given Antarctic solar zenith angles, snow is mostly semi-infinite, but to minimize any error due to insufficient depth, we add to these snow stratigraphies a 2-m thick snow layer having the properties of the last layer measured.
DISORT configuration
In Antarctica, besides snow SSA and density, the factors that influence albedo are the type of illumination (direct or diffuse), the solar zenith angle (SZA), cloud cover, and surface roughness. As mentioned above, a general theoretical framework to quantify the effect of surface roughness on albedo does not exist, so we neglect it here. Justifications to neglect it include (1) we are dealing with albedo, so that the effects of surface roughness are considerably attenuated (Warren et al., 1998) ; (2) near Dome C, surface structure were only a few cm high; (3) most of our calculations use diffuse illumination, so that surface structures produce no shading.
Clouds enhance the diffuse fraction of radiation and absorb the IR fraction of the solar spectrum, leading to an increase in broad-band albedo because snow is less reflective in the IR (Fig. 1) . Here, we do not investigate the effect of clouds on the spectral distribution of the incident radiation. We model the spectral albedo under direct illumination, clear sky conditions and totally overcast conditions. Clear sky conditions are represented by a direct incident radiation to which the diffuse component caused by Rayleigh scattering in the atmosphere has been added. Overcast conditions are represented by completely diffuse incident radiation over the whole solar spectrum. Both the SZA (θ ) and the type of illumination considerably affect snow albedo. The higher θ, the higher the albedo because snow is strongly forward scattering. Therefore, an incoming photon at high SZA penetrates less deeply in the snow and has a higher probability of exiting the snow (Warren, 1982) . The albedo under diffuse illumination is approximately the same as that under direct illumination with θ = 50 • for a semi-infinite medium composed by a single layer (Warren, 1982) . Since at DC, the SZA is at least 52 • , the albedo under direct illumination is always greater than that under diffuse illumination. Under clear sky conditions, there is always some diffuse light caused by atmospheric scattering. Grenfell et al. (1994) propose empirical relationships to determine the ratio of diffuse over total radiation (D/T) as a function of wavelength for Vostok and South Pole stations with clear sky. The relationships for both sites are different mainly because of their different altitudes. Taking into account the elevation of DC, which is intermediate between those of South Pole and Vostok, we estimate that at DC we have:
where λ is the wavelength in µm. More rigorously, D/T also depends on SZA, but we neglect this effect here, since we subsequently limit our calculations to the cases when SZAs are 60 and 70 • . Below, we calculate albedos for five illumination conditions, i.e. light sources: direct with 60 and 70 • SZAs (light sources DIR60 and DIR70), diffuse (light source DIFF), and clear sky conditions with SZA of 60 and 70 • (light sources CS60 and CS70), following Eq. (4). The characteristics of the five light sources are summed in Table 2 . Subsequently, some of those calculations can be used for comparisons with satellite data. Since the latter data are obtained at a specific viewing angle, the comparison is not always simple, but correction factors between conical and hemispherical reflectances have been proposed (Stroeve and Nolin, 2002; Kokhanovsky and Zege, 2004) . Figure 14 shows the range of calculated albedos for the C and T pits, illuminated with the CS70 source (see Table 2 ), as well as their averages. As expected (Warren, 1982) , the albedo is high in the visible (>0.95) and shows little variations between different pits. Significant variations are observed in the IR, where, at a given wavelength, the albedo increases with the SSA of surface layers . The pit with the highest IR albedo is C8 because its surface layer has the highest SSA, fresh snow of 54.5 m 2 kg −1 . Similar considerations explain why C10 has the lowest albedo: it has the lowest SSA in the top 10 cm. The mean value of C pits was obtained by performing calculations for a snowpit with the average SSA and density at each depth. The Table 2. variability, expressed as the difference between the mean and the extremes, is ±1 % in the visible and reaches ±40 % in the IR.
DISORT modeling at DC and along the logistical traverse
T1 to T4 pits (not shown in Fig. 14, for clarity) had similar albedos, calculated using the CS70 light source. This is because the SSAs of their surface layers fall in a narrow range, 34.8 to 38 m 2 kg −1 . The albedo of the mean T1-T4 pit is very close to that of the mean C pit. T5 to T8 pits have lower albedos than the other T pits, because of the lower SSA of their surface layer. This is evidenced by the albedo of the average T5-T8 pit, which has the lowest average albedo. The T8 pit has the lowest albedo, because it has the lowest surface SSA, and it is also shown in Fig. 14 . Figure 14 shows that in the visible, the albedos of all pits are similar, because we neglected the effect of absorbing impurities. At 450 nm, the highest albedo is 0.989 and the lowest is 0.985, an undetectable difference. In the IR, relative differences between the albedos of pit C8 and pit T8 are 30 % at 1250 nm and 218 % at 1650 nm, which should be easily detectable.
Lighting conditions also affect significantly the albedo. Figure 15 illustrates the albedo of the mean C pit for the 5 illumination sources of Table 2. Figure 15 shows that the DIR60 and the CS60 light sources give essentially the same albedos. The same can be said of the DIR70 and CS70 sources.
Representative spectral albedo of the Antarctic plateau
The physical properties of the snow around Dome C show significant variations from pit to pit. However, we believe that the thirteen pits studied here within 25 km of the DC base capture the natural variability of the snow and that the spatially-averaged albedo of the snow is well represented by that of the mean C snow pit. Indeed, we were careful to study spots that featured the various snow types present near the surface: recent wind-deposited snow, windpack, surface hoar, sastrugi. For remote sensing purposes, the SSA and density values of the mean snow pit are probably relevant, given that the resolutions of satellites such as MODIS and AATSR are in the range 250 m to 1 km. For the first part of the traverse (pits T1-T4), Fig. 14 indicates that the mean albedo is similar to that of the C group. This is consistent with the small differences in meteorological conditions and snow properties recorded between Dome C and the AWS at D85. From pit T5 and on, the role of wind and of the higher temperatures in determining snow physical properties is felt and the albedo is significantly different. It is clear that for the second part of the traverse, the number of pits performed is not sufficient to be a statistically valid sample, and clearly more studies are needed. Ideally, a sciencededicated traverse should be arranged. However, it seems very likely that the variations observed between the start and the end of the traverse are not explained by random variations, and that our observations represent a genuine change in snow physical properties.
To facilitate the comparison between our observations and satellite data by other researchers, we report in the Appendix Tables A3, A4 and A5 the data of our calculated albedos for the 5 light sources used, as a function of wavelength in the range 0.3-2.5 µm, for the C group, the T1-T4 group, and the T5-T8 group. For those readers who would require albedo data with a different fraction of diffuse radiation for SZA = 60 or 70 • , it is possible to use the data of Appendix Tables A3 to A5 and the following equation:
where a d is the diffuse albedo, a s is the direct albedo, and the albedo is a net . Table 3 reports the albedos calculated for the relevant MODIS and AATSR spectral bands. Below, we perform a preliminary comparison between MODIS data and our calculations under diffuse illumination. We used the "White Sky Albedo" (i.e. the albedo under diffuse illumination) of the MODIS product MCD43C3 (Version 5), which consists in 16-day averages calculated from data obtained under clearsky conditions only. MCD43C3 data was used to obtain the albedo averaged over a square 25 × 25 km containing the location of our measurements. While a higher resolution product exists, using larger scale averages reduces noise and shows general trends more clearly. We compare here the MCD43C3 "White Sky Albedo" at Dome C and along the traverse to our calculations. For DC, we used the mean value of our 13 snow pits. Figures 16 and 17 show the results obtained for the 7 available wavelengths. Some differences are observed but our results and the MODIS product show similar trends: the albedo, and hence the SSA, decrease from DC to the coast. Bands 2 (870 nm) and 5 (1240 nm) are especially interesting because at those wavelengths snow reflectance is sensitive to the SSA. The MCD43C3 product also provides a broadband albedo (0.3-5 µm). Greuell and Oerlemans (2004) propose an alternative method to determine the broadband albedo from MODIS bands 1, 2 and 4. We also used the parameterization of Greuell and Oerlemans (2004) to obtain the broadband albedo from our calculated spectral albedos, using the values obtained for the relevant MODIS bands. The comparison between these three broadband albedos is shown in Fig. 18 . All three methods clearly show the same trend and the absolute difference is on average of the order of 1 %. The agreement is Fig. 18 . Comparison of broadband albedos along the traverse calculated using three methods: (i) MODIS White Sky Albedo product; (ii) the empirical equation of Greuell and Oerlemans (2004) which uses MODIS data for bands 1, 2 and 4; (iii) the empirical equation of Greuell and Oerlemans (2004) using data for bands 1, 2 and 4 calculated from our snow data and DISORT. Fig. 19 . Comparison between the reflectance of Grenfell et al. (1994) and that calculated from our snow data using DISORT and illumination and viewing conditions similar to those of Grenfell et al. (1994) . Calculations using the stratigraphy of pit C8, to which a snow layer 0.25 mm thick with crystals 15 µm in radius match the observations of Grenfell et al. (1994) fairly well.
Preliminary comparison with MODIS data
in fact surprisingly good given that MODIS and Greuell and Oerlemans (2004) use different bands to obtain the broadband albedo and that the formulas used are based on empirical fits from data obtained for the most part outside of the Antarctic plateau. The preliminary comparisons of Figs. 16 to 18 show reasonable agreements between MODIS products and our calculations based on SSA and density profiles. We consider this an encouraging sign to attempt to determine snow SSA from satellite observations. 
Discussion
The data presented here are the first extensive SSA measurements of the surface snow on the Antarctic plateau. Brucker et al. (2011) recently published a single SSA profile of a 3 m-deep pit near Dome C obtained using NIR photography. However, the relationship between their IR reflectance and SSA is not well established, and they test 3 relationships that predict significantly different SSAs. For example, for the topmost snow layer, the 3 methods predict SSA in the range 26 to 46 m 2 kg −1 . The objective of Brucker et al. (2011) is microwave application, and it is difficult to use their data for optical purposes. There has been very few albedo measurements on the Antarctic plateau performed under well characterized lighting conditions, so that they could be compared to our calculations. Grenfell et al. (1994) performed reflectance measurements at Vostok and South Pole stations. They show a graph of spectral albedo obtained at South Pole under diffuse illumination with nadir viewing (field of view 15 • ). Hudson et al. (2006) measured the bidirectional reflectance of the snow at Dome C. They show one spectral bihemispherical albedo (overcast sky) recorded on 30 December 2004. The following discussion focuses on both these studies. Since Grenfell et al. (1994) and Hudson et al. (2006) worked under different lighting conditions, two distinct graphs are necessary to compare their data to our calculations. Figure 19 shows the data of Grenfell et al. (1994) and the albedo of the C8 pit and of the mean C pit, calculated for the lighting conditions of Grenfell et al. (1994) . The albedo obtained by Grenfell et al. (1994) is significantly higher than ours in the IR. Grenfell et al. (1994) used their data to deduce optical grain sizes. They could not model their spectral reflectance with a single snow layer of a given grain size. 150 kg m −3 and consisting of grains 15 to 30 µm in radius (SSA = 218 to 109 m 2 kg −1 ). In Fig. 19 , we also show calculations where we have added a 0.25 mm-thick layer of grains 15 µm in radius at the very surface of the C8 stratigraphy. The agreement between the spectrum of Grenfell et al. (1994) and ours is pretty good. However, we will stop short of over-interpreting the comparison between a spectrum measured at South Pole in 1986 and a spectrum calculated from snow properties measured at Dome C in 2009. Grenfell et al. (1994) justify the presence of the thin high-SSA layer at the top of the snow pack by wind action, suggesting that small particles will settle last after a wind event. Even if this is indeed the case, which we cannot judge here, it is not certain that this process would be as frequent at Dome C, which is significantly less windy than South Pole (Aristidi et al., 2005) . Furthermore, errors in measurements of albedo, SSA, density and layer thickness and in modeling (DISORT does make approximations, in particular for directional viewing) are at least 20 %, so that comparing data obtained in two widely different settings is difficult. In particular, we feel that it is not reasonable to attempt any conclusion on the property of the very surface snow layer on the Antarctic Plateau with current data. Hudson et al. (2006) measured the bidirectional reflectance of the snow at Dome C. They show one spectral bihemispherical albedo (overcast sky) recorded on 30 December 2004. They observed snow grains and mention that their visual size stayed in the range r = 50 to 100 µm (SSA = 33 to 65 m 2 kg −1 , if the grains are assumed to be spherical). Figure 20 compares their spectral albedo to calculated albedos under similar lighting and viewing conditions, for the mean C snow and for pit C8. Our albedo for pit C8 is very similar to that of Hudson et al. (2006) . Calculations using the mean C snow to which a 0.25 mm-thick layer of SSA = 218 m 2 kg −1 (r = 15 µm) and density = 150 kg m −3 has been added yields much too high an albedo throughout the IR. Given that Hudson et al. (2006) only show one spectrum, there is clearly insufficient data to reach any conclusion on the possible existence of a thin high SSA layer at the top of Dome C snow. We strongly encourage further tests of the existence of a thin high-SSA layer at the very surface.
Conclusions
The data presented here are the first extensive measurements of SSA vertical profiles on the East Antarctic plateau. The concentration of impurities in the snow is sufficiently low not to affect albedo (Grenfell et al., 1994; Warren et al., 2006) , and the SSA and density profiles that we obtained can therefore be used to calculate the hemispherical spectral albedo of the snow, if the effect of surface roughness can be neglected. The albedos thus obtained are, in the IR, lower than those of Grenfell et al. (1994) obtained in 1986 at South Pole. More data is required to assess the significance of this difference, and its cause in terms of snow physical properties or uncertainties on measurements. The existence of a thin high SSA snow layer at the top of the snowpack at South Pole, postulated by Grenfell et al. (1994) is an interesting hypothesis that deserves further testing, as its consequences in terms of energy budget would be significant.
The calculated albedo of our mean Dome C snow pit is lower than the one spectral albedo of Hudson et al. (2006) , but our pit with the highest calculated albedo agrees well with their data. Given the small number of data from Hudson et al. (2006) A full understanding of snow physical properties and albedo would require combined measurements of albedo, with high resolution vertical profiles of SSA and density. Measuring the SSA of snow at several IR wavelengths having different penetration depths would be useful to detect a possible thin high-SSA layer at the surface. DUFISSS can in principle operate at both 1310 and 1550 nm, but at present the shorter wavelength has been calibrated for SSA < 66 m 2 kg −1 , while the longer wavelength is calibrated for SSA > 50 m 2 kg −1 . Further work to allow a greater overlap would be useful to this purpose. Lastly, our snow data allow the calculation of albedo that can be used to analyze remote sensing data and test inversion algorithms. Our preliminary investigations in fact show encouraging results regarding the possibility to determine SSA from space. Table A5 . Directional hemispherical reflectance of the mean of pits T5 to T8, calculated using the light sources of 
